for suppressors or enhancers of the long periods charmaker cells in the brain (Liu et al., 1992; Zerr et al., 1990 ; acteristic of the period (per) mutant allele per L . We Ewer et al., 1992; Frisch et al., 1994) , at a specific time isolated a novel mutant that maps to the rhythm gene of day (Curtin et al., 1995; Lee et al., 1996) , and this timeless (tim). This novel allele, tim SL , alters the tempoentry is altered in per L mutant flies (Curtin et al., 1995) . ral pattern of per L protein nuclear localization and reMore recently, it has been shown that a change in the stores temperature compensation to per L flies. tim SL PER phosphorylation pattern is a very early biochemical more generally manifests specific interactions with change detected immediately after a light pulse (Lee et different per alleles. The identification of this first al., 1996) .
period-altering tim allele provides further evidence
In the fly, PER is in a heterodimeric complex with the that TIM is a major component of the clock, and the tim gene product (TIM), which also can enter the nucleus allele-specific interactions with PER provide evidence (Zeng et al., 1996; Lee et al., 1996; Hunter-Ensor et al. , that the PER/TIM heterodimer is a unit of circadian 1996; Myers et al., 1996) . Both tim mRNA and TIM cycle function. Although tim SL fails to restore PER-L/TIM in abundance (Sehgal et al., 1995; Zeng et al., 1996 ; Huntertemperature insensitivity in yeast, it alters the TIM Ensor et al., 1996; Myers et al., 1996) , and the TIM phosphosphorylation pattern during the late night. The efphorylation state also changes with time (Zeng et al., 1996) . fects on phosphorylation suggest that tim SL functions There is one reported tim mutation, tim 0 (Sehgal et al. , as a partial bypass suppressor of per L and provide 1994), which is a null mutant with no protein (Myers et al. , evidence that the TIM phosphorylation program con , 1996 Hunter-Ensor et al., 1996; Zeng et al., 1996) . tributes to the circadian timekeeping mechanism.
Neither per nor tim mRNA cycles in this mutant Sehgal et al., 1995) , and PER is present at Introduction constant low levels (Price et al., 1995) . We have embarked on a genetic screen to identify Circadian clocks are time-keeping mechanisms that other components of the Drosophila circadian clock. allow organisms to cope with the ubiquitous cyclical Our strategy was to behaviorally screen ethyl methanelight regime of our environment. They are self-sustaining sulfonate (EMS) mutagenized flies for suppressors or in constant conditions, can be reset by certain external enhancers of the per L phenotype, in hopes of detecting cues, and are insensitive to external temperature condimutants in this sensitized background that might be tions, i.e., they are temperature compensated. In order more difficult to identify in a wild-type background. We for such a clock to function, it must contain components have succeeded in isolating a rhythm mutant that sup-(state variables) that fulfill the following criteria (Zatz, presses the per L rhythm phenotype. This mutant maps 1992; Aronson et al., 1994) . First, mutant clock compoto the tim gene and identifies a missense allele of tim. nents should alter the clock, and null mutants should
The identification of a period-altered allele of tim proresult in a nonfunctional clock. Second, the amount or vides further evidence that TIM is a major component activity of a clock component should cycle. Third, a of the Drosophila biological clock. The allele-specific clock component should feed back on either its activity interactions with the per L mutant indicate that the PER/ or amount. Fourth, stimuli that phase shift the clock TIM heterodimer is a unit of circadian function, and the should also rapidly shift clock components. Fifth, a clock molecular characterizations provide insight into how the should not function when one of its components is held heterodimer interacts with other molecular clock comconstant.
ponents. In Drosophila melanogaster, there are two genes, period (per) and timeless (tim) et al., 1987) , is similarly suppressed by elvis (Table 2) . flies ( Figure 1 ). Further genetic dissection found this rhythm phenotype to reside on the second chromoInitial recombination mapping of elvis placed it near dumpy (2 out of 35 recombinants). As this is very close some. This mutant was originally named elvis. We obtained other rhythm mutants as well, and characterizato the location of tim, we decided to see whether we could generate recombinants between elvis and tim. No tion of these will be presented elsewhere.
elvis is a semidominant mutant, as it has a behavioral recombinants were identified in 511 behaviorally tested individuals, suggesting that elvis maps very close to tim phenotype as a heterozygote and a more exaggerated phenotype as a homozygote (Table 1 and Figure 1) . To or is a novel allele of tim. To determine whether this is the case, we sequenced the entire tim cDNA from the see whether elvis was a bona fide rhythm mutant, we assayed another circadian phenotype: the timing of elvis mutant, comparing it to a control tim sequence of our starting EMS stock. A single threonine to isoleucine eclosion of a population of flies from their pupal cases. ;tim SL flies were assayed for locomotor rhythms at different temperatures, they also showed a restoration of temperature compensation ( Figure 4) ; these flies have the same period at 18ЊC as at 29ЊC.
A current molecular framework for thinking about the temperature compensation mechanism comes from experiments in yeast (Huang et al., 1995; Gekakis et al., 1995) . Fragments of PER and TIM interact in yeast, as assayed in a yeast two-hybrid system. When PER-L is the partner, this interaction is temperature sensitive. If tim SL can restore temperature compensation to per L flies, a TIM-SL protein fragment might interact with PER-L in yeast in a comparably temperature-insensitive manner. To examine this possibility, we first analyzed the interaction in yeast of PER-L/TIM fusion fragments. As previously reported (Gekakis et al., 1995) , there is a decrease in ␤-galactosidase expression at high temperature ( Figure 5 ), indicating the PER-L/TIM fusion protein dimer is less stable at elevated temperatures. Replacing the TIM fragment with TIM-SL shows an identical temperature-sensitive reduction in ␤-galactosidase expression, suggesting that TIM-SL cannot restore temperature insensitivity to the PER/TIM complex in this yeast assay. Western blot analysis shows that all fusion proteins are present in equivalent amounts (J. R., unpublished data), indicating that the results do not reflect some compensating temperature-sensitive stability phenotype in yeast. It cannot be ruled out that the yeast assay is an inaccurate assay for temperature insensitivity of the biological clock in vivo. Indeed, the location of the tim SL amino acid change is outside of the minimal interaction domain of TIM defined in yeast (amino acids 505-906, Gekakis et al., 1995) . A more attractive explanation is that this result implicates another property of the PER/TIM dimer (see Discussion).
The tim SL mutant accelerates PER-L nuclear entry in brain lateral neurons, which is likely dependent upon a 6A; see also Edery et al., 1994) . This cycling has only a elvis mutant was later renamed tim SL (see Results).
2-fold amplitude (J. R., H. Z., and K. C., unpublished data), and it is difficult to define a sharp protein peak in these blots. The lack of robust protein cycling is probthat are strongly affected by per L to see whether those ably due, in part, to a delayed RNA cycle (Hardin et al., phenotypes , 1994; Zeng et al., 1996; Hunter-Ensor et al., 1996 ; brain during the circadian cycle (Curtin et al., 1995) , we Myers et al., 1996) . The phosphorylation pattern as well asked whether the PER-L distribution was also affected varies little in these per L extracts at different times of in tim SL mutants. In fact, nuclear entry of PER-L is adday, unlike PER phosphorylation in wild-type flies (Figvanced when tim SL is present (Figure 3 ). At Zeitgeber ure 6A; Edery et al., 1994) . ;tim SL flies were collected in the dark phase of an LD cycle at the indicated time. Frozen sections were treated with anti-PER antibody, and putative pacemaker cells (the lateral neurons) were examined. The lateral neurons from a minimum of seven fly heads were examined for each sample. The percentages of flies with nuclear (N) staining were as follows: Canton-S, ZT 17 (0% N);
If the robust cycling of PER protein, peaking in amount grossly different from the cycling pattern in wild-type flies, except that the overall TIM levels in the dark phase just before the lights turn on, is important in generating normal rhythms, one would expect that the PER-L cyare lower and the protein is not phosphorylated as extensively as in wild-type flies ( Figure 6B ). Also, there is cling pattern would appear more like wild type in the double mutants. Surprisingly, both the aberrant accumulation an additional noticeable effect: TIM does not disappear completely when the lights turn on in per L versus wildand phosphorylation profiles of PER-L are unchanged in per L ;tim SL flies ( Figure 6A ), although the period of this doutype extracts. As for PER, this is a likely result of de novo TIM production, due to a late and less robust peak ble mutant is much closer to normal. We cannot exclude that the lack of an effect on the PER-L profiles reflects a of tim RNA in per L flies. The peak of TIM accumulation is unchanged by the tim SL mutation, but there is a promilack of sensitivity in the analysis. Alternatively, TIM-SL may be overriding the PER cycling pattern.
nent phosphorylation difference of TIM-SL as compared with TIM late at night ( Figure 6B ). When samples of To examine the TIM expression pattern, the same blots were reprobed with an anti-TIM antibody. The cydifferent genotypes collected from the same time of day are run side-by-side, it is clear that TIM-SL migrates cling of TIM abundance in per L flies does not appear more slowly or has a higher fraction of slow-migrating most interesting features of the tim SL mutant is that it restores temperature compensation to per L flies. The forms than wild-type TIM ( Figure 6C ). This is especially evident at ZT 23 and CT1 (which is in the dark, 1 hr after characterization of the per L mutant (Konopka and Benzer, 1971), which destroys this ability to buffer the clock lights should have come on), independent of the per genotype. As expected, the mobility of TIM-SL protein from variable temperatures (Konopka et al., 1989; Ewer et al., 1988; Huang et al., 1995) , was one of the first is altered at least in part by phosphorylation, since addition of phosphatase increases the mobility of TIM-SL pieces of data to implicate per as a major clock component. By restoring temperature compensation to per L (H. Z., unpublished data), similar to what has been shown for wild-type TIM (Zeng et al., 1996) . This selecflies, the identification of this novel allele of tim provides more evidence that tim, along with per, is an important tive change of TIM, but not PER, phosphorylation in mutant flies strengthens the conclusion that tim SL is inpart of the circadian clock. The physical relationship between PER and TIM, in deed an allele of tim. It also suggests that TIM-SL is a partial bypass suppressor, which mitigates the effects flies as well as in yeast (Zeng et al., 1996; Lee et al., 1996; Gekakis et al., 1995) , raises the attractive hypotheof per L at a posttranscriptional level. To see whether the altered TIM-SL phosphorylation is dependent on an sis that temperature compensation is related to temperature insensitivity of the PER/TIM heterodimer (Huang interaction with PER, head extracts from per 0 ;tim SL and per 0 flies were analyzed. Neither TIM-SL nor TIM showed et al. Gekakis et al., 1995) . The effects of PER-L further suggest that the direct effect of the mutant is on any higher mobility forms in a per 0 background ( Figure  6D ), indicating that the additional phosphorylation of the stability and temperature sensitivity of the dissociation constant of the heterodimer. In this view, TIM-SL TIM-SL, as well as the wild-type phosphorylation of TIM, is PER or clock dependent.
would be expected to counteract the effect of PER-L on this dissociation constant. But another effect of PER-L is to manifest delayed Discussion nuclear entry into circadian pacemaker neurons in lateral brain regions (Curtin et al., 1995; Lee et al., 1996) . We have identified a novel allele of tim, tim SL , that supper L is temperature sensitive for this property too, since presses two circadian phenotypes of per L flies: it shortnuclear entry is even further delayed at higher temperaens by almost 4 hr both locomotor activity periods and tures (Curtin et al., 1995) . Delayed nuclear entry is likely the period of eclosion. Mapping studies, which failed to related to the later than normal locomotor activity peaks separate the tim 0 allele from this novel mutant, led us to and the subsequent long-period phenotype that these sequence the tim gene from these mutant flies, where a flies exhibit in constant darkness. It is notable, therefore, single threonine to isoleucine change was found at amino that the tim SL mutation can both facilitate the earlier acid 494. In fact, we had seen an effect of this mutant entry of per L protein into these nuclei as well as cause in combination with the tim 0 allele (per L ;elvis/tim 0 is althe period of these flies to be closer to wild type. The most 4 hr shorter than per L ;ϩ/tim 0 , while per L ;elvis/ϩ is relevant type of biochemical change, presumably a 3 hr shorter than per L ; J. R., unpublished data), also posttranscriptional alteration of the PER/TIM complex suggesting that it is an allele of tim. Recently, three (Vosshall et al., 1994; Curtin et al., 1995) , may help to long-period alleles of tim have been isolated as well (A. elucidate one facet of the clock mechanism. The ability Rothenfluh-Hilfiker and M. W. Young, personal commuof tim SL to both allow PER-L to enter the nucleus sooner nication).
in the circadian cycle and to restore temperature com-A major feature of a circadian clock is its insensitivity to substantial changes in temperature, and one of the pensation to per L flies suggests that the molecular effect of tim SL lies upstream of both phenomena, that both phenomena are mechanistically linked, or both.
These two molecular phenotypes of per L cannot be ordered in a very straightforward manner: it is not yet certain whether the nuclear entry phenotype is caused by a more direct effect of temperature on the PER/TIM dissociation constant or whether these represent two independent effects of the per L missense mutation. In addition, the effect of per L on the PER/TIM phosphorylation profile is profound (Figure 6 ), and phosphorylation is a third phenotype that needs to be ordered, with the other molecular and behavioral phenotypes, or they of the heterodimer itself. tim SL can only be a partial bypass suppressor, however, because per 0 ;tim SL flies are are an independent consequence of the mutation and not critical for the other phenotypes.
still arrhythmic (J. R., unpublished data), and TIM-SL is not hyperphosphorylated in a per 0 background (Figure Important for these arguments is the failure of the 6D). The results indicate that either the PER/TIM heterotim SL mutation to restore temperature insensitivity to the dimer is the phosphorylation substrate or that TIM phos-PER-L/TIM-SL complex in yeast, contrary to the simple phorylation is clock dependent. expectation from the restoration of behavioral temperaThe Western blot results also support this interpretature compensation in the double mutant flies. Consistent tion. The cycling profile of PER-L in a per L background with this interpretation, the location of the tim SL amino has a number of differences from what has been deacid change is outside of the minimal PER/TIM interacscribed for a wild-type background. However, we obtion domain in yeast (Gekakis et al., 1995) . We therefore served the surprising result that the profile is unaltered suggest that tim SL is acting as a second site (intergenic) in the doubly mutant flies. It is as if the TIM-SL protein suppressor that is affecting one or more of the other is "short circuiting" the protein cycling pattern by alterimportant effects of PER without affecting the formation ing the time that the PER/TIM heterodimer is acting or or stability of the PER-L/TIM heterodimer (Figure 7) . acted upon in some downstream clock event(s); it is Either the PER-L/TIM yeast phenotype is unrelated to functioning as a bypass suppressor. the mutant effects in the fly or, more likely perhaps, tim
SL
The interaction between TIM and a kinase appears to is acting as a bypass suppressor of per L . A tim SL bypass be a reasonable candidate for the downstream clock suppressor could affect the interaction of TIM with anevent ( Figure 7 ). TIM-SL migrates at a higher molecular other protein rather than affect the formation or stability weight than TIM late in the night (ZT 21-23 and CT1), and this difference appears to take place similarly if not identically in a per ϩ genetic background. The actual phorylation of its TIM subunit more robust as well as fied that it was on the second chromosome and resulted in mutant flies that no longer contained the ry mutation. Consequently, elvis
The bypass hypothesis is predicated on the interpreflies used in all subsequent experiments were ry ϩ , as were the contation that the in vivo dimer is biologically active and trols.
that PER-L has a more primary effect on heterodimer dissociation, which then indirectly affects TIM phos-
Behavioral Analyses
phorylation. This model also assumes that dimer formaFlies were entrained for two 12 hr light:12 hr dark cycles before tion occurs upstream of and is necessary for phosphorybeing assayed for locomotor activity in constant conditions at 25ЊC, lation, which may explain the fast-migrating TIM-SL 18ЊC, or 29ЊC for 5 days (Hamblen et al., 1986 223-240 and 1793-1774; 1587-1604 and 1978-1961; as well as the temporal phosphorylation pattern of these 1774-1793 and 2942-2925; 2853-2870 and 3168-3150; 2925-2942 two identified clock proteins (Zeng et al., 1996; Lee et and 4667-4650 ; all numbering from Myers et al., 1995) . PCR products were gel purified and used for sequencing using tim primers and al., 1996).
the fmol DNA Sequencing System (Promega). Only one nucleotide change was identified between the starting per L strain used for Experimental Procedures mutagenesis and per L ;elvis/elvis. This C to T transition at 1724 changes a threonine to an isoleucine at amino acid 494. Flies per L ;ry 506 flies were used for mutagenesis, and both per L and wildMolecular Analyses type Canton-S flies were used as behavioral and molecular controls.
All flies were entrained for 2-3 days in a 12 hr light:12 hr dark cycle The long-period transformant per 0 , per L R, used here contains an before they were collected at the appropriate ZT (where ZT 0 is arginine at amino acid 243 of per and has been described previously lights-on, ZT 12 is lights-off). Immunohistochemistry with anti-PER (Curtin et al., 1995) . The particular line used was R62, which maps antibody was performed as described previously (Curtin et al., 1995) . to the X chromosome (K. C., unpublished data).
Photographs were taken on a Zeiss Axiophot microscope at 312.5ϫ magnification. Western blot analysis examining PER and TIM from Fly Mutagenesis fly head extracts was performed as described previously (Zeng et per L ;ry 506 male flies were fed a solution of 0. 025 M EMS in 1% al., 1996) . sucrose for 6-18 hr. These mutagenized flies were crossed to Fusion proteins of tim and LexA used for the yeast two-hybrid per L ;TM2/MKRS virgins for 3 days (TM2 and MKRS are dominantly assay were constructed by cloning tim PCR pieces from 1587 to marked third chromosome balancers). Male progeny were out-2960 into the bait plasmid pLex(202ϩPL) (Gyuris et al., 1993) . Either crossed to per L ;TM2/MKRS, and lines were generated to homozycDNA from per L or per L ;elvis/elvis was used to generate these bait gose the third chromosome. If viable, four flies containing homozygosed third chromosomes per line were assayed for locomotor constructs. DNA from these plasmids was cotransfected with PER prey plasmids (where a PER fusion gene is driven by a galactose Hardin, P.E., Hall, J.C., and . Circadian oscillations in period gene mRNA levels are transcriptionally regulated. promoter, Huang et al., 1995) into the yeast strain L40 (Gekakis et al., 1995) . This yeast strain contains a single ␤-galactosidase reProc. Natl. Acad. Sci. USA 89, 11711-11715. porter gene that is integrated in the yeast genome. Transformed Huang, Z.J., Curtin, K., and Rosbash, M. (1995) . PER protein interacyeast lines were then grown on his Ϫ , trp Ϫ , 2% galactose, 1% raffitions and temperature compensation of a circadian clock in Dronose, X-Gal plates or his Ϫ , trp Ϫ , 2% glucose, X-Gal plates and incusophila. Science 267, 1169-1172. bated at the appropriate temperature for 3 days. Western blotting Hunter-Ensor, M., Ousley, A., and Sehgal, A. (1996) . Regulation of was performed on all lines to verify that fusion proteins were present the Drosophila protein timeless suggests a mechanism for resetting in similar amounts.
the circadian clock by light. Cell 84, 677-685.
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